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We study particle production at the end of inflation in kinetically driven G-inflation model and
show that, in spite of the fact that there are no inflaton oscillations and hence no parametric
resonance instabilities, the production of matter particles due to a coupling to the evolving inflaton
field can be more efficient than pure gravitational Parker particle production.
I. INTRODUCTION
Reheating, namely the transition from the period of in-
flation [1], during which the energy-momentum tensor is
dominated by the coherent inflaton field, to the radiation
phase of Standard Big Bang cosmology, is an important
aspect of inflationary cosmology. Without such an energy
transfer, inflation would produce a cold empty universe
and would not be a viable early universe scenario. On the
other hand, there will inevitably be gravitational parti-
cle production of any non-conformal field which lives in
the space-time of an inflationary universe [2] (see [3] for
a classic review of quantum field theory in curved space-
time). The energy density produced by this mechanism
by the end of the inflationary phase will be of the or-
der H4, where H is the Hubble expansion rate during
inflation. Note that this energy scale is parametrically
suppressed compared to the energy density ρI during in-
flation:
H4
ρI
∼ H
2
m2pl
, (1)
where mpl is the Planck mass. This ratio is bounded
to be smaller than 10−8 based on the upper bound on
the strength of gravitational radiation produced during
inflation [4].
In simple scalar field models of inflation, based on a
slowly rolling scalar field with canonical kinetic term in
the action, there is a much more efficient energy trans-
fer mechanism which can reheat the universe. In the
presence of any coupling between the matter field (here
modelled as a scalar field χ) and the inflaton field φ there
is a parametric resonance instability which causes χ field
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fluctuations to grow exponentially during the phase af-
ter inflation when φ oscillates coherently about its ground
state value [5, 6]. Although this process does not directly
produce a thermal state of matter particles, it efficiently
transfers the energy density from the inflaton to matter,
typically in a period which is short compared to a Hubble
expansion time. This process is now called preheating [7–
9] (see [10] for recent reviews). It produces a state after
inflation in which the matter energy density
ρm ∼ ρI (2)
after inflation is not suppressed compared to the energy
density ρI during inflation, in contrast to what is ob-
tained (1) if only gravitational particle production is op-
erative.
Simple slow-roll inflation based on an action with a
canonical kinetic term is at the moment consistent with
the data we have. In fact, the scenario made a number
of successful predictions (spatial flatness, slight red tilt
[11] to the spectrum of cosmological perturbations, etc.)
[12–14] 1. The scenario also predicts a red tilt in the
spectrum of gravitational waves [16].
There are alternatives to the inflationary paradigm of
early universe cosmology (see e.g. [17] for reviews). One
of these alternatives, String Gas Cosmology [18] (see also
[19]), while consistent with all current observations of
scalar cosmological perturbations [20], predicts a slight
blue tilt in the spectrum of gravitational waves [21]. In
the context of inflationary cosmology with vacuum ini-
tial conditions and with matter obeying the Null Energy
Condition (NEC), one always obtains a red tilt 2.
However, it was pointed out in [22] (see also [23]), that
by introducing Galileon type terms (in particular kinetic
1 But see [15] for a different view.
2 This is different than the scalar spectrum for which either a red
or a blue tilt can be obtained, although the simplest slow-roll
models of inflation also predict a red tilt of the scalar spectrum.
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2terms) in the action of a scalar field φ, it is possible to ob-
tain an inflationary model in which matter violates the
NEC and hence a blue tensor tilt is possible 3 . This
model is called G-inflation. In this model, inflation is
driven by the kinetic term in the action which at early
times has the “wrong” sign and hence can lead to the vi-
olation of the NEC. Nevertheless thanks to the Galileon-
type terms, the stability of fluctuations is maintained
even in the presence of NEC violation contrary to the
case of k-inflation [25]. Inflation terminates at a scalar
field value above which the sign of the kinetic term re-
verts back to its canonical form. This leads to a transition
from an inflationary phase to a standard kinetic-driven
phase with equation of state w = 1, where w is the ratio
of pressure to energy density. The energy density in φ
then decreases as a(t)−6, where a(t) is the cosmological
scale factor.
Since there is no phase during which φ(t) oscillates
there is no possibility of preheating. As discussed in [22],
the production of regular matter particles after Galileon
inflation is still possible by the gravitational Parker par-
ticle production mechanism. However, the resulting mat-
ter energy density will be suppressed as in (1). The ques-
tion we ask in this note is whether in the presence of a
coupling between matter and the inflaton there is nev-
ertheless some non-gravitational channel which transfers
energy to matter faster than what can be achieved by
gravitational effects.
In the following we point out that there is indeed a
channel for direct particle production, and we derive con-
ditions on the coupling constant for which this direct
channel is more efficient than Parker particle production
4. Our analysis is based on the general framework set
out in [5].
We begin with a brief review of G-inflation, move on to
a discussion of the particle production mechanism we use,
before presenting the calculations applied to our model.
We work in natural units in which the speed of light,
Planck’s constant and Boltzmann’s constant are set to 1.
II. G-INFLATION
The original G-inflation [22] is based on a scalar field
φ minimally coupled to gravity with an action
L = K(φ,X)−G(φ,X)φ , (3)
where X is the standard kinetic operator
X =
1
2
∂µφ∂
µφ , (4)
3 It is still possible to distinguish String Gas Cosmology from G-
Inflation by considering non-Gaussianities or consistency rela-
tions [24].
4 A similar channel is operative in the “emergent Galileon” sce-
nario of [26] - see [27]. Particle-induced particle production has
also recently been studied in a bouncing cosmology in [28].
and K and G are general functions of φ and X. See [29]
for its generalized version. The special property of this
class of Lagrangians is that the resulting equations of mo-
tion contain no higher derivative terms than second order
[30]. In the case K = K(X) and G(φ,X) ∝ X the action
has an extra shift symmetry (“Galilean symmetry”) and
these Lagrangians were introduced and studied in [31].
The model of kinetically driven G-inflation [22] is based
on choosing
K(φ,X) = −A(φ)X + δK , (5)
with
A(φ) = tanh
[
λ(φe − φ)
]
, (6)
and
G(φ,X) = g˜(φ)X = g˜X . (7)
Here λ and g˜ are coupling constants and δK includes
higher order terms in X which are important during in-
flation. After the sign of the linear kinetic term in the
action is flipped at φ = φe, they soon become negligible
and do not affect our analysis of reheating.
We consider homogeneous and isotropic cosmological
solutions resulting from this action. As shown in [22],
for φ < φe there are inflationary trajectories for which
the quasi-exponential expansion of space is driven by the
wrong-sign kinetic term. Inflation ends at φ = φe, and for
φ > φe the background becomes that of a kinetic-driven
phase with w = 1, a(t) ∼ t1/3 and
φ˙(t) ∼ 1
t
. (8)
We call this stage the kination regime of the model. Since
the energy density in φ decays so rapidly, eventually the
kination regime will end and regular radiation and matter
will begin to dominate. The energy density at which this
transition happens determines the reheating temperature
of the Universe.
Knowledge of the reheating temperature is important
for various post-inflationary processes such as baryogene-
sis or the possibility of production of topological defects.
It may also be possible to directly probe the physics of the
phase between the initial thermal stage and the hot Big
Bang phase with precision observations (see e.g. [32]).
Regular matter and radiation are produced by gravi-
tational particle production. However, if this is the only
mechanism, then the reheating temperature will be low
as it is suppressed by (1). In the following we will assume
that there is a direct coupling between matter (described
by a free massless scalar field χ) and the inflaton field φ.
We consider two possible couplings. The first is of the
form
LI = 1
2
g2φ˙χ2 , (9)
where g is a dimensionless coupling constant. Note that
we have chosen a derivative coupling of φ with χ to pre-
serve the invariance of the interaction Lagrangian under
3shifting of the value of φ (which is part of the Galilean
symmetry. The disadvantage of this coupling is that it
violates the symmetry φ → −φ. The second coupling
obeys this symmetry but involves non-renormalizable in-
teractions. It is
LI = −1
2
M−2φ˙2χ2 , (10)
where M is a new mass scale which is expected to be
smaller than the Planck mass. These couplings open up
non-gravitational channels for the production of χ parti-
cles. In the following we will study the conditions under
which these direct production channels are more efficient
than the gravitational particle production channel.
III. INFLATON-DRIVEN PARTICLE
PRODUCTION
Assuming that the Lagrangian for the matter field χ
has canonical kinetic term, then the Lagrangian for χ is
that of a free scalar field with a time dependent mass,
the time dependence being given by the interaction La-
grangians (9) or (10). Each Fourier mode χk of χ evolves
independently, the equation of motion is
χ¨k + 3Hχ˙k +
(
k2
a2
− g2φ˙
)
χk = 0 . (11)
or
χ¨k + 3Hχ˙k +
(
k2
a2
+M−2φ˙2
)
χk = 0 , (12)
depending on the form of the interaction Lagrangian.
The effects of the expansion of space can be pulled out
by rescaling the field
Xk ≡ a−1χk . (13)
Then, in terms of conformal time τ (which is related to
physical time t by dt = a(t)dτ), the equation of motion
becomes
X ′′k +
(
k2 − g2φ˙a2 − a
′′
a
)
Xk = 0 , (14)
or
X ′′k +
(
k2 +M−2φ˙2a2 − a
′′
a
)
Xk = 0 , (15)
where a prime denotes a derivative with respect to τ .
The qualitative features of the equations of motion (14)
or (15) are well known from the theory of cosmological
perturbations (see e.g. [33] for an in-depth review and
[34] for a brief overview): In the absence of the inter-
action term, Xk will oscillate on sub-Hubble scales, i.e.
scales for which
k2 >
a′′
a
∼ H2 , (16)
whereas the mode function Xk is squeezed on super-
Hubble scales, i.e.
Xk ∼ a . (17)
Following [5], we will treat the effects of the interaction
term in leading order Born approximation, i.e. we write
X ≡ X0 +X1 , (18)
(here and in the following we will drop the subscript k)
where X0 is the solution of the equation in the absence
of interactions, i.e. a solution of
X ′′0 +
(
k2 − a
′′
a
)
X0 = 0 , (19)
solving the initial conditions of the problem, and X1 is
the solution of the inhomogeneous equation
X ′′1 +
(
k2 − a
′′
a
)
X1 = g
2φ˙a2X0 (20)
or
X ′′1 +
(
k2 − a
′′
a
)
X1 = −M−2φ˙2a2X0 (21)
(with vanishing initial conditions) obtained by taking the
interaction term in (14) or (15) to the right hand side
of the equation and replacing X by the “unperturbed”
solution X0.
The inhomogeneous equation (20) (or (21)) can be
solved by the Green’s function method
X1(τ) =
∫ τ
τi
dτ ′G(τ, τ ′)g2a2(τ ′)φ˙(τ ′)X0(τ ′) , (22)
or
X1(τ) = −
∫ τ
τi
dτ ′G(τ, τ ′)M−2a2(τ ′)φ˙2(τ ′)X0(τ ′) ,
(23)
where the Green’s function G(τ, τ ′) is determined in
terms of the two fundamental solutions u1 and u2 of the
homogeneous equation via
G(τ, τ ′) = W−1
(
u1(τ)u2(τ
′)− u2(τ)u1(τ ′)
)
, (24)
where W is the Wronskian
W = u1(τ)u
′
2(τ)− u2(τ)u′1(τ) . (25)
In the above, the time τi is the time when the initial
conditions are imposed. In our case it is the end of the
period of inflation.
The condition that direct particle production is more
efficient than gravitational particle production is
X1(τ) > X0(τ) (26)
at some time τ > τi before the time when the kinetic
phase would be terminated by gravitational particle pro-
duction alone.
4IV. ANALYSIS
We now apply the formalism of the previous section to
our specific Galileon inflation model. We are interested
in super-Hubble modes for which the k2 term in the equa-
tion of motion (11) can be neglected. The fundamental
solutions are then
u1(τ) =
(
τ
τi
)1/2
(27)
u2(τ) =
(
τ
τi
)1/2
ln
(
τ
τi
)
,
and hence the Wronskian becomes
W =
1
τi
, (28)
and the Green’s function is
G(τ, τ ′) =
(
ττ ′
)1/2
ln
(
τ ′
τ
)
. (29)
The contribution X1(τ) induced by the direct coupling
between φ and χ thus becomes
X1(τ) = g
2
∫ τ
τi
dτ ′
(
ττ ′
)1/2
ln
(
τ ′
τ
)
φ˙(τ ′)a2(τ ′)X0(τ ′) ,
(30)
or
X1(τ) =
−1
M2
∫ τ
τi
dτ ′ (ττ ′)1/2 ln
(
τ ′
τ
)
φ˙(τ ′)2a2(τ ′)X0(τ ′) ,
(31)
For X0(τ) we can take the dominant solution of the ho-
mogeneous equation
X0(τ
′) = X0(τi)
(
τ ′
τi
)1/2
ln
(
τ ′
τi
)
. (32)
Making use of the scaling (8) of φ˙ and after a couple of
lines of algebra we obtain the approximate result (keeping
only the contribution from the upper integration limit)
X1(τ) ' g2φ˙i(τi)τ2X0(τi) . (33)
or
X1(τ) ' −M−2φ˙i2(τi)τ2i
(
τ
τi
)1/2
X0(τi)ln
(
τ
τi
)
.
(34)
If we take the initial time τi to correspond to the end of
inflation, we have
φ˙(τi) ' H(τi)mpl , (35)
where H(τi) is the value of H at the end of inflation. In
this case
X1(τ) ∼ g2mplτi
(
τ
τi
)3/2
, (36)
or
X1(τ) ' −
(mpl
M
)2
X0(τ) . (37)
The criterion (26) for direct particle production to
dominate over gravitational particle production then be-
comes (up to logarithmic factors)
g2 >
H(τi)
mpl
(
ti
t
)
. (38)
or (mpl
M
)2
> 1 . (39)
Note that for the second interaction term, particle pro-
duction via direct interactions dominates within one
Hubble expansion time (the time interval after which the
contribution from the lower integration end can be ne-
glected), provided that M < mpl, a condition which has
to be satisfied if we are to trust the effective field justifi-
cation of the interaction term.
Once X1(τ) starts to dominate over X0(τ), the Born
approximation ceases to be valid. At that point, the cou-
pling term in the equation of motion for X will become
the dominant one, and an approximation to (14) (we will
first focus on the case of the first interaction term) which
is self-consistent for long wavelength modes (for which
the k2 term in the equation is negligible) is
X ′′ − g2φ˙a2X = 0 . (40)
An approximate solution of this equation is
X(τ) = A(τ)ef˜( ττi )3/4τi (41)
with
f˜ ≡ 4
3
(
g2φ˙(τi)
)1/2
. (42)
Inserting this ansatz (41 and 42) into (40) we find an
equation for the amplitude A(τ)
A′′ + 3
2
f˜ τ−1/4τ−3/4i A′ −
3
16
f˜ τ−5/4τ−3/4i A = 0 , (43)
which both for f˜ τi  1 and f˜ τi  1 has a dominant
solution which is constant in time.
From (41) and (42) we see that there is quasi-
exponential growth of X which becomes important once
f˜ τi
(
τ
τi
)3/4
> 1 , (44)
which in terms of physical time is
t
ti
> f˜−2τ−2i . (45)
5In the above we are implicitly assuming that f˜ τi < 1. If
f˜ τi > 1 then reheating via direct particle production is
instantaneous on a Hubble time scale and the reheating
temperature is given by the energy density at the end of
inflation.
Returning to the case f˜ τi < 1, the we see that once the
time t is larger than the one given by (45), the energy
transfer from the inflaton to matter is exponentially fast
and will immediately drain all of the energy from the
inflaton. Hence, the “reheating time” tRH is
tRH ∼ ti(f˜ τi)−2 , (46)
and since the energy density between ti and tRH de-
creases as a(t)−6 ∼ t−2 we have
ρ(tRH) ∼ ρ(ti)(f˜ τi)4 . (47)
Making use of ρ(ti) = H
2(ti)m
2
pl (up to a numerical fac-
tor) and ρ(tRH) ∼ T 4RH we finally obtain the reheating
temperature TRH to be
TRH ∼ f˜ τi(H(ti)mpl)1/2 (48)
which is larger than the reheating temperature H(ti)
which would be obtained if only gravitational particle
production were effective, provided that
f˜ τi >
(
H(ti)
mpl
)1/2
. (49)
In the case of the second coupling, the conclusions are
similar. Once the coupling term in the equation of motion
dominates over the expansion term, the equation can be
approximated as (changing the sign of the coupling term)
X ′′ −M−2φ˙2a2X = 0 . (50)
Since
φ˙2(τ)a2(τ) = φ˙2(τi)
(τi
τ
)2
, (51)
the equation has power law solutions with an exponent
∆ given by
∆ =
1
2
[
1±
√
1 + 4R2
]
, (52)
where
R ≡ mpl
M
. (53)
We see that if M  mpl, then the power of the dominant
solution is ∆ 1 and this means that there is complete
energy transfer from the inflaton to χ within one Hub-
ble expansion time. Hence, the reheating temperature is
given by the energy density at the end of inflation, i.e.
TRH ∼ (H(ti)mpl)1/2 . (54)
V. CONCLUSIONS AND DISCUSSION
We have derived the condition under which direct par-
ticle production in G-inflation dominates over gravita-
tional particle production. The discussion also applies to
k-inflation [25]. We consider two possible interaction La-
grangians, namely (9) and (10). We first study the onset
of matter particle production from the direct coupling
using the Born approximation. We find that for both in-
teraction terms we consider the direct particle production
channel eventually dominates. This happens within one
Hubble expansion time for the coupling (10), whereas in
the case of (9) the time when direct particle production
starts to dominate depends on the coupling constant g.
Once direct particle production begins to dominate
over gravitational particle production we must use a dif-
ferent approximation scheme to solve the equation of mo-
tion. We can now neglect the squeezing term in the equa-
tion of motion. We provide solutions of the resulting
approximate equations of motion and show that once di-
rect particle production begins to dominate, the energy
transfer from the inflaton to the matter fields will be al-
most instantaneous. This allows us to estimate the value
of the reheating temperature, the temperature of matter
once the inflaton field has lost most of its energy density
to particle production. In the case of the second interac-
tion term (10), the reheating temperature is given by the
energy density at the end of inflation, in the case of the
first interaction term (9), it is reduced by a factor which
involves the interaction coupling constant g.
In the present work we have studied the production
of particles which correspond to an entropy fluctuation
direction. There is the danger (see e.g. [35] for an
initial study and [36] for recent work) that the induced
entropy fluctuations might induce too large curvature
perturbations, as it does in the model studied in [37]. A
study of this question will be the focus of future work.
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6Appendix
In this Appendix we compare our calculation of par-
ticle production in G-inflation with what is obtained us-
ing more standard methods of quantum field theory in
curved space-time (see e.g. [2, 38, 39]). Recall the equa-
tion of motion for our canonical field X. In the case of
the second coupling which we consider in the main text
this equation is
X ′′k +
(
k2 +M−2φ˙2a2 − a
′′
a
)
Xk = 0 . (55)
We will compare the energy density in produced particles
in the initial stages of particle production (before back-
reaction becomes important).
Starting from vacuum initial conditions, we can ob-
tain the energy density from the Bogoliubov coefficients
βk which describe how the solution of (55) that initially
corresponds to the vacuum can at late times τ be decom-
posed into positive and negative frequency modes (see
e.g. [3] for a textbook treatment):
ρ(τ) =
1
2pi2a4(τ)
∫ ∞
0
|βk|2k3dk . (56)
The Bogoliubov coefficient βk is given by
βk =
i
2k
∫ ∞
−∞
e−2ikτV (τ)dτ , (57)
where in the case of the equation (55)
V (τ) =
(
12
m2pl
M2
− 2
)
1
τ2
(58)
(for times in the kination phase). The first term on the
right hand side of this equation represents particle pro-
duction via the particle interactions, whereas the second
term corresponds to gravitational particle production.
From this equation it is already clear that for M  mpl
particle interactions will dominate the energy transfer
from the inflaton field to matter.
Following [37], the expression (56) for the energy den-
sity can be rewritten as
ρ(τ) =
−1
32pi2a4
∫ τ
−∞
dτ1dτ2 ln(µ |(τ1 − τ2)|)V ′(τ1)V ′(τ2)
(59)
where µ is a regularization scale which has been intro-
duced to remove the ultraviolet divergence. Note that
the derivative of V in the above equation is with respect
to conformal time.
If we are interested in particle production due to the
squeezing of the mode wave functions on super-Hubble
scales, we have the natural regularization scale µ =
H(τi), the Hubble scale at the end of inflation. Mak-
ing use of this cutoff, it can be shown that the order of
magnitude of ρ(τ) obtained from (59) agrees with what
is obtained using the method we have used in the main
text, namely
βk(τ) ∼ Xk(τ)
Xvack
(60)
where Xvack is the vacuum value of the canonical variable.
[1] Guth AH, “The Inflationary Universe: A Possible So-
lution To The Horizon And Flatness Problems,” Phys.
Rev. D 23, 347 (1981);
R. Brout, F. Englert and E. Gunzig, “The Creation
Of The Universe As A Quantum Phenomenon,” Annals
Phys. 115, 78 (1978);
A. A. Starobinsky, “A New Type Of Isotropic Cosmolog-
ical Models Without Singularity,” Phys. Lett. B 91, 99
(1980);
K. Sato, “First Order Phase Transition Of A Vacuum
And Expansion Of The Universe,” Mon. Not. Roy. As-
tron. Soc. 195, 467 (1981);
L. Z. Fang, “Entropy Generation in the Early Universe
by Dissipative Processes Near the Higgs’ Phase Transi-
tions,” Phys. Lett. B 95, 154 (1980).
[2] L. Parker, “Quantized fields and particle creation in ex-
panding universes. 1.,” Phys. Rev. 183, 1057 (1969).
doi:10.1103/PhysRev.183.1057
[3] N. D. Birrell and P. C. W. Davies, “Quantum Fields in
Curved Space,” doi:10.1017/CBO9780511622632
[4] A. A. Starobinsky, “Spectrum of relict gravitational radi-
ation and the early state of the universe,” JETP Lett. 30,
682 (1979) [Pisma Zh. Eksp. Teor. Fiz. 30, 719 (1979)];
V. A. Rubakov, M. V. Sazhin and A. V. Veryaskin,
“Graviton Creation in the Inflationary Universe and the
Grand Unification Scale,” Phys. Lett. 115B, 189 (1982).
doi:10.1016/0370-2693(82)90641-4;
R. Fabbri and M. d. Pollock, “The Effect of Primordially
Produced Gravitons upon the Anisotropy of the Cosmo-
logical Microwave Background Radiation,” Phys. Lett.
125B, 445 (1983). doi:10.1016/0370-2693(83)91322-9.
[5] J. H. Traschen and R. H. Brandenberger, “Par-
ticle Production During Out-of-equilibrium Phase
Transitions,” Phys. Rev. D 42, 2491 (1990).
doi:10.1103/PhysRevD.42.2491
[6] A. D. Dolgov and D. P. Kirilova, “On Particle Creation
By A Time Dependent Scalar Field,” Sov. J. Nucl. Phys.
51, 172 (1990) [Yad. Fiz. 51, 273 (1990)].
[7] L. Kofman, A. D. Linde and A. A. Starobinsky, “Re-
heating after inflation,” Phys. Rev. Lett. 73, 3195 (1994)
doi:10.1103/PhysRevLett.73.3195 [hep-th/9405187].
[8] Y. Shtanov, J. H. Traschen and R. H. Brandenberger,
“Universe reheating after inflation,” Phys. Rev. D
51, 5438 (1995) doi:10.1103/PhysRevD.51.5438 [hep-
7ph/9407247].
[9] L. Kofman, A. D. Linde and A. A. Starobinsky, “To-
wards the theory of reheating after inflation,” Phys. Rev.
D 56, 3258 (1997) doi:10.1103/PhysRevD.56.3258 [hep-
ph/9704452].
[10] R. Allahverdi, R. Brandenberger, F. Y. Cyr-Racine and
A. Mazumdar, “Reheating in Inflationary Cosmology:
Theory and Applications,” Ann. Rev. Nucl. Part. Sci.
60, 27 (2010) doi:10.1146/annurev.nucl.012809.104511
[arXiv:1001.2600 [hep-th]];
M. A. Amin, M. P. Hertzberg, D. I. Kaiser and
J. Karouby, “Nonperturbative Dynamics Of Reheat-
ing After Inflation: A Review,” Int. J. Mod. Phys.
D 24, 1530003 (2014) doi:10.1142/S0218271815300037
[arXiv:1410.3808 [hep-ph]].
[11] V. F. Mukhanov and G. V. Chibisov, “Quantum Fluc-
tuation and Nonsingular Universe. (In Russian),” JETP
Lett. 33, 532 (1981) [Pisma Zh. Eksp. Teor. Fiz. 33, 549
(1981)].
[12] A. H. Guth, D. I. Kaiser and Y. Nomura, “In-
flationary paradigm after Planck 2013,” Phys. Lett.
B 733, 112 (2014) doi:10.1016/j.physletb.2014.03.020
[arXiv:1312.7619 [astro-ph.CO]].
[13] A. Linde, “Inflationary Cosmology after Planck
2013,” doi:10.1093/acprof:oso/9780198728856.003.0006
arXiv:1402.0526 [hep-th].
[14] V. Mukhanov, “Quantum Cosmological Perturba-
tions: Predictions and Observations,” Eur. Phys. J.
C 73, 2486 (2013) doi:10.1140/epjc/s10052-013-2486-7
[arXiv:1303.3925 [astro-ph.CO]].
[15] A. Ijjas, P. J. Steinhardt and A. Loeb, “Inflation-
ary paradigm in trouble after Planck2013,” Phys. Lett.
B 723, 261 (2013) doi:10.1016/j.physletb.2013.05.023
[arXiv:1304.2785 [astro-ph.CO]].
[16] A. A. Starobinsky, “Spectrum of relict gravitational radi-
ation and the early state of the universe,” JETP Lett. 30,
682 (1979) [Pisma Zh. Eksp. Teor. Fiz. 30, 719 (1979)].
[17] R. H. Brandenberger, “Cosmology of the Very
Early Universe,” AIP Conf. Proc. 1268, 3 (2010)
doi:10.1063/1.3483879 [arXiv:1003.1745 [hep-th]];
R. H. Brandenberger, “Alternatives to the inflationary
paradigm of structure formation,” Int. J. Mod. Phys.
Conf. Ser. 01, 67 (2011) doi:10.1142/S2010194511000109
[arXiv:0902.4731 [hep-th]].
[18] R. H. Brandenberger and C. Vafa, “Superstrings in the
Early Universe,” Nucl. Phys. B 316, 391 (1989).
[19] J. Kripfganz and H. Perlt, “Cosmological Impact of
Winding Strings,” Class. Quant. Grav. 5, 453 (1988).
doi:10.1088/0264-9381/5/3/006
[20] A. Nayeri, R. H. Brandenberger and C. Vafa, “Producing
a scale-invariant spectrum of perturbations in a Hage-
dorn phase of string cosmology,” Phys. Rev. Lett. 97,
021302 (2006) [hep-th/0511140].
[21] R. H. Brandenberger, A. Nayeri, S. P. Patil and C. Vafa,
“Tensor Modes from a Primordial Hagedorn Phase of
String Cosmology,” Phys. Rev. Lett. 98, 231302 (2007)
doi:10.1103/PhysRevLett.98.231302 [hep-th/0604126];
R. H. Brandenberger, A. Nayeri and S. P. Patil,
“Closed String Thermodynamics and a Blue Tensor
Spectrum,” Phys. Rev. D 90, no. 6, 067301 (2014)
doi:10.1103/PhysRevD.90.067301 [arXiv:1403.4927
[astro-ph.CO]].
[22] T. Kobayashi, M. Yamaguchi and J. Yokoyama,
“G-inflation: Inflation driven by the Galileon
field,” Phys. Rev. Lett. 105, 231302 (2010)
doi:10.1103/PhysRevLett.105.231302 [arXiv:1008.0603
[hep-th]].
[23] C. Deffayet, O. Pujolas, I. Sawicki and A. Vikman,
“Imperfect Dark Energy from Kinetic Gravity Braid-
ing,” JCAP 1010, 026 (2010) doi:10.1088/1475-
7516/2010/10/026 [arXiv:1008.0048 [hep-th]].
[24] M. He, J. Liu, S. Lu, S. Zhou, Y. F. Cai, Y. Wang
and R. Brandenberger, “Differentiating G-inflation from
String Gas Cosmology using the Effective Field Theory
Approach,” arXiv:1608.05079 [astro-ph.CO];
Y. Wang and W. Xue, “Inflation and Alterna-
tives with Blue Tensor Spectra,” JCAP 1410,
no. 10, 075 (2014) doi:10.1088/1475-7516/2014/10/075
[arXiv:1403.5817 [astro-ph.CO]].
[25] C. Armendariz-Picon, T. Damour and V.F. Mukhanov,
Phys. Lett. B 458, 209 (1999) doi:10.1016/S0370-
2693(99)00603-6 [hep-th/9904075].
[26] P. Creminelli, A. Nicolis and E. Trincherini, “Galilean
Genesis: An Alternative to inflation,” JCAP 1011,
021 (2010) doi:10.1088/1475-7516/2010/11/021
[arXiv:1007.0027 [hep-th]].
[27] L. Perreault Levasseur, R. Brandenberger and
A. C. Davis, “Defrosting in an Emergent Galileon
Cosmology,” Phys. Rev. D 84, 103512 (2011)
doi:10.1103/PhysRevD.84.103512 [arXiv:1105.5649
[astro-ph.CO]].
[28] J. Quintin, Y. F. Cai and R. H. Brandenberger,
“Matter creation in a nonsingular bouncing cos-
mology,” Phys. Rev. D 90, no. 6, 063507 (2014)
doi:10.1103/PhysRevD.90.063507 [arXiv:1406.6049 [gr-
qc]].
[29] T. Kobayashi, M. Yamaguchi and J. Yokoyama, “Gen-
eralized G-inflation: Inflation with the most general
second-order field equations,” Prog. Theor. Phys. 126,
511 (2011) doi:10.1143/PTP.126.511 [arXiv:1105.5723
[hep-th]].
[30] C. Deffayet, X. Gao, D. A. Steer and G. Zahariade,
“From k-essence to generalised Galileons,” Phys. Rev.
D 84, 064039 (2011) doi:10.1103/PhysRevD.84.064039
[arXiv:1103.3260 [hep-th]].
[31] A. Nicolis, R. Rattazzi and E. Trincherini, “The
Galileon as a local modification of gravity,” Phys. Rev.
D 79, 064036 (2009) doi:10.1103/PhysRevD.79.064036
[arXiv:0811.2197 [hep-th]].
[32] L. Dai, M. Kamionkowski and J. Wang, “Reheating
constraints to inflationary models,” Phys. Rev. Lett.
113, 041302 (2014) doi:10.1103/PhysRevLett.113.041302
[arXiv:1404.6704 [astro-ph.CO]];
J. Martin, C. Ringeval and V. Vennin, “Observing
Inflationary Reheating,” Phys. Rev. Lett. 114, no.
8, 081303 (2015) doi:10.1103/PhysRevLett.114.081303
[arXiv:1410.7958 [astro-ph.CO]].
[33] V. F. Mukhanov, H. A. Feldman and R. H. Branden-
berger, “Theory of cosmological perturbations. Part 1.
Classical perturbations. Part 2. Quantum theory of per-
turbations. Part 3. Extensions,” Phys. Rept. 215, 203
(1992).
[34] R. H. Brandenberger, “Lectures on the theory of cosmo-
logical perturbations,” Lect. Notes Phys. 646, 127 (2004)
[arXiv:hep-th/0306071].
[35] F. Finelli and R. H. Brandenberger, “Parametric ampli-
fication of metric fluctuations during reheating in two
field models,” Phys. Rev. D 62, 083502 (2000) [hep-
8ph/0003172];
B. A. Bassett and F. Viniegra, “Massless metric preheat-
ing,” Phys. Rev. D 62, 043507 (2000) [hep-ph/9909353].
[36] H. B. Moghaddam, R. H. Brandenberger, Y. F. Cai and
E. G. M. Ferreira, “Parametric Resonance of Entropy
Perturbations in Massless Preheating,” arXiv:1409.1784
[astro-ph.CO];
E. McDonough, H. Bazrafshan Moghaddam and
R. H. Brandenberger, “Preheating and Entropy Pertur-
bations in Axion Monodromy Inflation,” JCAP 1605,
no. 05, 012 (2016) doi:10.1088/1475-7516/2016/05/012
[arXiv:1601.07749 [hep-th]];
O. Svendsen, H. Bazrafshan Moghaddam and R. Bran-
denberger, “Preheating in an Asymptotically Safe
Quantum Field Theory,” Phys. Rev. D 94, no.
8, 083527 (2016) doi:10.1103/PhysRevD.94.083527
[arXiv:1603.02628 [hep-th]].
[37] T. Kunimitsu and J. Yokoyama, “Higgs condensation as
an unwanted curvaton,” Phys. Rev. D 86, 083541 (2012)
doi:10.1103/PhysRevD.86.083541 [arXiv:1208.2316 [hep-
ph]].
[38] L. H. Ford, “Gravitational Particle Creation
and Inflation,” Phys. Rev. D 35, 2955 (1987).
doi:10.1103/PhysRevD.35.2955
[39] Y. B. Zeldovich and A. A. Starobinsky, “Particle produc-
tion and vacuum polarization in an anisotropic gravita-
tional field,” Sov. Phys. JETP 34, 1159 (1972) [Zh. Eksp.
Teor. Fiz. 61, 2161 (1971)].
